Abstract. Strip shape is an important factor affecting the strip quality significantly during cold rolling of thin strip. In the paper, finite element simulation models of the strip shape in cold rolling for both symmetrical and asymmetrical rolling cases were successfully developed. The strip edge drop and the effect of the rolling force on the strip shape (the thickness distribution along the strip width) have been obtained. The developed finite element model has been verified with the experimental value, which shows they are in good agreement. The obtained results are applicable to control the rolled thin strip shape during cold rolling practice.
Introduction
The desired thin gauge strip is increasing, and the quality issues such as the strip shape and surface quality have been highlighted in the development and manufacturing of thin gauge strip. Cold rolling is an essential method to manufacture the sheet and foil products of metals. Researchers have investigated strip shape, profile and flatness in strip rolling [1] [2] [3] [4] [5] [6] [7] [8] , and the control of the strip shape, profile and flatness [9] for thinner strip such as foil or the thickness less than 0.2 mm is still a challenge in rolling practice, this involves the control of the strip dimensional accuracy, the strip crown and surface finish. The influenced factors are relevant to the deformation feature in the roll bite during the rolling practice. So it is essential for researchers and manufacturers to understand the strip shape performance in cold rolling of thin strip.
For a cold strip rolling mill, due to symmetry, one half of the roll and strip system is selected as a research objective. If the asymmetrical rolling system is employed to roll thinner strip [10] , the upper and lower work rolls have different speeds, in which a shear cross region is generated. A significant work for investigators and manufacturers is to introduce finite element analysis of cold rolling of thin strip, and to use the rolling mill to produce the thin strip with good shape. As a thinner strip is rolled, strip shape problems will be increased during the rolling [9] . Good strip shape and thickness accuracy are based on the mathematical models applied to the cold strip rolling. Jiang et al. [11] [12] calculated the elastic deformation of thin strip, its shape, profile, and flatness under symmetrical rolling. Synka et al. [13] developed a finite element code to simulate different practical rolling processes, ranging from thick slab to ultra-thin strip rolling. Hacquin et al. [14] developed a refinement of the roll bending and flattening models for strip rolling. Zhou et al. [15] introduced corrective terms, based on elasticity theory, but also on comparison with a FEM single roll deformation model. Matous & Maniatty [16] used a new and updated Lagrangian formulation to model the elasto-viscoplastic behaviour in polycrystalline materials. In this work, the finite element modelling of the strip shape during symmetrical and asymmetrical cold rolling has been carried out, and the FEM simulation results are compared, and verified with the measured value.
Theoretical Formulation
Equilibrium Equations and Virtual Work Principle. Let V denote a volume occupied by a part of the body in the current configuration, and let S be the surface bounding this volume. The stress equilibrium equation is as follows:
where σ σ σ σ ij is the stress. The relationship between the strain rate and velocity is
where v i is the velocity and ε&ij is the strain rate. The external force boundary condition applied on interface S p is as follows:
where n j is the unit outward normal to S p at the point, and p i is the external force. ewton's Solution Method. The finite element models generated are usually nonlinear and can involve from a few to many thousand variables. In terms of these variables, the equilibrium equations can be obtained by minimising the following functional:
where the true velocity field v i satisfies the minimum of the functional, that is
The equilibrium equations can be written symbolically as
where F is the force component conjugate to the th variable in the problem, and u M is the value of the M th variable. The basic problem is to solve Eq. (8) for u M throughout the history of interest. The Newton's method is used to solve the nonlinear equilibrium equations. The motivation for this choice is primarily the convergence rate obtained by using Newton's method compared to the Fig. 3 shows the calculated strip edge drop during symmetrical rolling. It can be seen that the strip edge drop is up to 2.7 µm. If the rolling force varies, the rolled strip profile and crown change, as shown in Fig. 4 . It is clearly that the strip profile becomes poor, and the strip crown increases when the rolling force increases. This is due to the effect of rolling force on the strip edge drop. If the rolling force increases, the strip edge drop becomes large, so the strip thickness at the strip edge becomes small, and the strip crown increases. However, if the asymmetrical rolling is carried out, the strip edge drop reduces significantly, as shown in Figs. 5 and 6. This is due to the existing of the cross shear region in the roll bite, which makes the rolling force decrease dramatically, so the strip crown becomes small. This is very useful in cold rolling of thin strip, in particular in the cold rolling of ultra thin strip to improve the strip shape and reduce the energy cost significantly. In order to verify the finite element modelling of strip shape, the cold rolling of thin strip was conducted on Hille 100 rolling mill in laboratory. The diameters of backup rolls are 225 mm, the diameter of the upper work roll is 63 mm, and roll speed ratio is 1.27. It is equipped with two 100 tonne load cells to determine the rolling force. Two position transducers are used to control the roll gap. A hydraulic Automatic Gauge Control (AGC) is available on the Hille 100 experimental rolling mill. A Pentium III computer was used for data collection by using Lab Window Software in the experiment. In the experiment, when the rolling speed is 0.15 m/s, entry thickness of strip 0.55 mm, exit thickness varies, strip width 100 mm, and a low carbon steel was rolled, friction coefficient 0.1. The change of the measured exit thickness along the strip width at various reductions is shown in Fig. 7 . It can be seen that the strip crown increases slightly with reduction (final strip thickness from 0.4 to 0.2 mm). A comparison of the calculated strip profile with the measured value under asymmetrical rolling is also shown in Fig. 8 . It can be seen that calculated thickness along the strip width is close to the measured value. This verifies the developed simulation model is applicable.
Simulation Results and Discussion
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If the work roll is modified with a profile as shown in Fig. 9a , the calculated strip edge profile is obtained, as shown in Fig. 9b . It can be seen that the work roll profile has a significant influence on the strip edge profile, and the strip thickness becomes more uniform along the strip width when the work roll curve is applied. This indicates that a suitable work roll profile used in cold rolling of thin strip can effectively improve strip crown.
Summary
Finite element modelling has been carried out for symmetrical and asymmetrical cold rolling of thin strip. The calculated results show that the strip profile becomes poor, and the strip crown increases for symmetrical rolling when the rolling force increases. However, the asymmetrical rolling can reduce the strip edge drop significantly. This is useful in improving the strip shape and reducing the energy cost during cold rolling of ultra thin strip. The calculated thickness along the strip width is consistent with the measured value. This verifies the developed model is applicable. The simulation also shows that a suitable work roll profile used in cold rolling of thin strip can effectively improve the strip crown.
